As a powerful tool for obtaining sufficient DNA from rare DNA resources, polymerase chain reaction (PCR) has been widely used in various fields, and the optimization of PCR is still in progress due to the dissatisfactory specificity, sensitivity and efficiency. Although many nanomaterials have been proven to be capable of optimizing PCR, their underlying mechanisms are still unclear. So far, the scientifically compelling and functionally evolving metal-organic framework (MOF) materials with high specific surface area, tunable pore sizes, alterable surface charges and favourable thermal conductivity have not been used for PCR optimization. In this study, UiO-66 and ZIF-8 were used to optimize error-prone two round PCR. The results demonstrated that UiO-66 and ZIF-8 not only enhanced the sensitivity and efficiency of the first round PCR, but also increased the specificity and efficiency of the second round PCR. Moreover, they could widen the annealing temperature range of the second round PCR. The interaction of DNA and Taq polymerase with MOFs may be the main reason. This work provided a candidate enhancer for PCR, deepened our understanding on the enhancement mechanisms of nano-PCR, and explored a new application field for MOFs.
Introduction
As the gold standard of in vitro nucleic acid amplication, polymerase chain reaction (PCR) has been extensively used in many elds related to medical diagnostics and molecular biology. 1 However, due to the lack of correction mechanisms similar to in vivo amplication, nonspecic amplication and primer mismatch might occur occasionally in the PCR, resulting in unsatisfactory specicity, sensitivity and efficiency. Until now, many sophisticated methods have been developed to make up for these drawbacks, such as the development of PCR machines with rapid heating-cooling responses, 2 adopting unique PCR strategies, 3 optimization of reaction conditions and adding additives to the PCR mixture. 4 In the last two decades, nanomaterials as effective enhancers of PCR have attracted more attention (termed nano-PCR). So far, the reported nanomaterials contain gold nanoparticles, graphene oxide, quantum dots, ZnO, TiO 2 and nanocomposites. 5 However, most of them could only optimize one or two characteristics of PCR including specicity, sensitivity and efficiency, and few materials could enhance these three characteristics together. Besides, the limited optimization effect, complex preparation methods and high price would limit their widespread application. Therefore, looking for new materials with comprehensive optimization effects and simple preparation methods with low prices will be highly desirable.
Metal-organic frameworks (MOFs) are special organicinorganic hybrid porous solids with extraordinarily high surface areas, tunable pore sizes, adjustable internal surface properties and extraordinary degree of variable structures. These features endow them with potential applications in gas or liquid adsorption/storage, drug delivery, polymerization, catalysis and biosensors. 6 As far as we know, the combination of MOFs and DNA has been frequently studied. 7 However, MOFs have not yet been used in the improvement of PCR.
In this study, two kinds of MOFs with exceptional chemical robustness and thermal stability, ZIF-8 and UiO-66, were used to optimize PCR. They were synthesized according to the relative references, 8, 9 and their characterization results are shown in Fig. S1 , S2 and Table S1 † respectively. The stock solutions (10 g L À1 ) were stable aqueous solutions formed by sonication and autoclaving. The two-round error-prone PCR system with l-DNA (48 502 bp) as template was employed as the model, and a single 283-bp band will be amplied aer 35 cycles of the rst round PCR, while many nonspecic bands will be accumulated aer the second round 35-cycle PCR (Fig. S3 †) . The effect of MOFs on PCR is directly proportional to the densitometric value (DV) of PCR products on agarose gel. Specically, the sensitivity of PCR could be reected by the minimum template concentration that produces visual target bands, and the efficiency and specicity of PCR can be reected by the DV of target bands (DV target band ) and the proportion of target bands in the total bands (DV target band /DV total band ), respectively. The outline of this study is illustrated in Table 1 .
Results and discussion
In most cases, one round conventional PCR with a suitable copy template was sufficient to obtain the desired amount of DNA, while fewer copy templates oen result in random amplication, false negative or failure to obtain enough products. Therefore, improving the sensitivity of the rst round PCR is a critical issue. Our study found that UiO-66 and ZIF-8 could improve the sensitivity and efficiency of the rst round PCR in the absence of MOFs with good stability ( Fig. 1A and S4 †). And no band could be detected when the concentration of template was less than 0.5 mg L À1 (Fig. 1A , le lane 1-3). By contrast, in the presence of UiO-66 ( Fig. 1A , middle lane 1-7) or ZIF-8 ( Fig. 1A , right lane 1-7), obvious target bands can still be detected even at a template concentration as low as 0.125 mg L À1 (Fig. 1A) . Importantly, UiO-66 showed much better PCR efficiency than ZIF-8 at special and lower template concentrations from 0.125 to 0.5 mg L À1 (Fig. 1B) . Moreover, the normalized analysis of DV target band showed that UiO-66 and ZIF-8 could increase the PCR efficiency about 39-and 23-fold compared to conventional PCR, respectively (Fig. 1C ). In all, this experiment suggested that UiO-66 and ZIF-8 could improve the sensitivity and efficiency of the rst round PCR.
The effect of UiO-66 and ZIF-8 on the second round PCR is shown in Fig. 2 , in which the 100-fold diluted product of the rst round PCR was used as template. In the absence of UiO-66 or ZIF-8, nonspecic bands accumulated as manifested by smear bands ( Fig . Furthermore, the analysis of DV showed that the specicity and efficiency of PCR increased rst and then decreased with the increase of concentrations of UiO-66 or ZIF-8 ( Fig. 2C and D) . This phenomenon happened in the rst round PCR (Fig. S6 †) . When the optimal concentration of 20 mg L À1 MOFs was used, UiO-66 and ZIF-8 could increase the specicity of PCR by 29 times and 8 times and increase the efficiency of PCR by 24 times and 2 times, respectively ( Fig. 2C and D) . It is worth noting that the performance of UiO-66 is much better than that of ZIF-8. In summary, these experiments conrmed that both UiO-66 and ZIF-8 can improve the specicity and efficiency of the second round PCR at appropriate concentrations.
As we know, the annealing temperature is important for efficiency and specicity of PCR. Generally speaking, a low annealing temperature facilitates the efficiency of PCR and a high annealing temperature reduces the specicity of PCR. 10 Therefore, much more sophisticated optimization of annealing temperature was further investigated. Like several other nanomaterials, 11 UiO-66 and ZIF-8 exhibited reliable PCR results at low annealing temperatures (Fig. 3) . When non-optimal annealing temperatures (25-40 C) were employed in PCR, conventional PCR produced a predominant band corresponding to 200-bp with numerous non-specic bands and few target bands. However, in the presence of UiO-66/ZIF-8 (20 mg L À1 ), most non-specic bands disappeared, and target bands were amplied as the main band with an obviously higher intensity than the conventional PCR. More strikingly, the predominant band corresponding to 200-bp produced in conventional PCR totally disappeared in the presence of ZIF-8 (Fig. 3B) . The relative DV analysis showed that both UiO-66 and ZIF-8 could improve the specicity of PCR at all tested non-optimal annealing temperatures, and this effect became more obvious with the increase of the annealing temperatures (Fig. 3C ). Furthermore, ZIF-8 had a better effect than UiO-66 ( Fig. 3C ). In addition, at almost all the test temperatures, UiO-66 and ZIF-8 showed more improved PCR efficiency than conventional PCR.
With the increase of annealing temperatures, the improvement extent of the PCR efficiency also slightly increased, which was especially evident in ZIF-8 (Fig. 3D) . Moreover, the four different kinds of PCR experiments showed similar results (Fig. S7 †) . In short, UiO-66 and ZIF-8, especially ZIF-8, could widen the ideal range of annealing temperature from 40-65 C to below 40 C. It not only could obviate the time-consuming screening process, but also could improve the efficiency at much lower annealing temperatures.
Although some studies related to nano-PCR attributed the widened annealing temperature to the superior thermal conductivity of nanomaterials, 12 both UiO-66 and ZIF-8 are thermally inert MOFs, and their thermal conductivity is about 0.11 and 0.165 W m À1 K À1 respectively, 13 which are far lower than the thermal conductivity of reported nano-PCR materials. 14 Nevertheless, PCR was performed with two different cycles, in which denaturation, annealing and extension times were reduced. It showed that smear bands amplied in the second round PCR (Fig. 4A, lane 1 and lane 4) were only slightly reduced in the presence of UiO-66 (Fig. 4A , lane 2 and lane 5), but they were obviously reduced in the presence of ZIF-8 (Fig. 4A, lane 3  and 6 ). Besides, the intensity of target bands obviously increased in the presence of MOFs. These results suggested that the reduction of reaction time weakened rather than blocking the effect of UiO-66 and ZIF-8 on the specicity and efficiency of PCR. It means that the thermal conductivity of MOFs may contribute to the improvement of PCR. The better effect of ZIF-8 on PCR than UiO-66 might be explained by the higher thermal conductivity of ZIF-8.
The most well-known application of MOFs is their adsorption/storage ability of ions, nucleic acids, proteins and other substances. 15 And the conjugated p-electron system of MOFs allows their binding of ssDNA through p-p stacking. 16 Using this property, UiO-66 and ZIF-8 have been used in biosensors to test some special single stranded DNA (ssDNA). 8, 17 Therefore, it is reasonable to speculate that UiO-66 and ZIF-8 selectively attract or adsorb ssDNA rather than double stranded DNA (dsDNA) to improve the efficiency of PCR. To conrm this speculation, we compared the relative uorescence intensity of different solutions containing and a uorescence labelled nucleic acid probe (FP) in the absence or presence of a complementary probe (CP). For the sequences of the FP and CP, refer to Table S2 . † As shown in Fig. 4B , the solutions containing the FP and CP have obviously higher uorescence intensity than the FP alone, which means that the attraction or adsorption to ssDNA contribute to the optimization effect of UiO-66 and ZIF-8.
Another advantage of MOFs is their potential as an enzyme immobilization platform. 18 It could be inferred that DNA polymerase is immobilized by UiO-66 or ZIF-8 materials, and the efficiency of DNA polymerase is improved greatly, leading to the improved PCR effect. To test this possibility, we performed the rst round PCR with a lower template concentration (0.2 mg L À1 ) that could cause amplication failure in conventional PCR. It could not be reversed by increasing the concentration of Taq polymerase (lane 2-4) ( Fig. 4C lane 1) . However, the addition of UiO-66 (20 mg L À1 ) reversed the amplication failure, and with the increase of the Taq polymerase concentration, the intensity of target bands and some non-specic bands increased ( Fig. 4C lane 5-8), while ZIF-8 (20 mg L À1 ) did not show the same effect as UiO-66, and only some non-specic bands were observed with the highest concentration of Taq polymerase ( Fig. 4C lane  9-12) . This difference may be caused by their different pore sizes and total pore volumes, just as shown in the inset of Fig. S1, S2 and Table S1 . † This suggests that ZIF-8 contains microporous particles, while UiO-66 contains tridimensional mesoporous particles. Besides, UiO-66 has a larger total pore volume than ZIF-8. Maybe these characters make UiO-66 much more suitable for enzyme immobilization than ZIF-8.
Another possible explanation may lie in their different zeta potentials; ZIF-8 (about 15 mV) is more positively charged than UiO-66 (about À5 mV) ( Fig. S8 †) , which means that they prefer to bind with negatively charged nucleic acids. The SEM and TEM morphology and elemental analysis of MOFs before and aer the addition of a high concentration of Taq polymerase or template also supports this explanation ( Fig. S9-S16 †) . As revealed in the SEM results, UiO-66 showed signicant morphological change aer adding a high concentration of the Taq enzyme, while ZIF-8 had indistinct morphological changes aer adding a high concentration of l-DNA (Fig. S9 †) . Moreover, the TEM results indicated that the adsorption capacity of UiO-66 was stronger than that of ZIF-8 ( Fig. S10-S15 †) . The results showed that both surface charges and pore sizes have certain roles in the MOFs' enhancement effect on PCR, and pores may play a more important role for UiO-66 rather than ZIF-8. And the relationship among templates, Taq polymerase and during the extension process of PCR is illustrated in Fig. 4D .
Conclusions
In summary, our work preliminarily demonstrated that for the error-prone two round PCR system, UiO-66 and ZIF-8 could remarkably improve the sensitivity and efficiency of the rst round PCR and they also could remarkably enhance the speci-city and efficiency of the second round PCR, even at a very low annealing temperature. The possible mechanism might be attributable to their selective adsorption to ssDNA and the ability of immobilizing Taq polymerase. This work provides a new insight into the understanding of the nano-PCR effects and their enhancement mechanism for PCR. It also opened up a new eld for the application of MOFs. MOFs could provide a variety of materials with remarkable geometrical shapes and chemical properties of the internal surface of nanoporous materials. Further investigation into the effect of MOFs on PCR should be focused on the inuence of shape, particle size, hydrophilicity, colloidal stability, surface charge, pore sizes and other factors on PCR.
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